Metal-organic frameworks (MOFs) and porous coordination polymers (PCPs) generally have defined structures, permanent porosity, and high specific surface areas. They are synthesized from metal and organic building blocks by solvothermal reactions or self-assembly. MOFs and PCPs are considered to be a class of the most promising materials for hydrogen storage and for gas separation such as carbon dioxide capture from the flue gas or natural gas. However, gas adsorption on the pore surface of MOFs and PCPs is physisorption, and the interaction energy between the adsorbents and gas is too weak. Therefore, even though large amount of gases can be stored in the materials at a low temperature, the storage capacity falls down to very low values at ambient temperature. To enhance hydrogen gas storage in MOFs and In this review, properties and applications of metal-organic frameworks (MOFs) and porous coordination polymers (PCPs) are described. Many MOFs and PCPs are highly flexible and responsive to external stimuli. Sometimes they transform their structures to others by maintaining the single crystallinity. For decades, MOFs and PCPs have been regarded as a class of the promising materials for hydrogen storage and carbon dioxide capture applications since they adsorb large amounts of gases at low temperatures. However, their gas uptake capacities decrease dramatically at ambient temperature compared to those at low temperatures because they physic-sorb gases by weak interaction energies. Therefore, to enhance gas storage and separation abilities of MOFs and PCPs at ambient temperature, we have modified their pore spaces. In this review, some characteristic properties of MOFs and PCPs will be introduced, and various strategies for modifying the pore spaces of PCPs and MOFs for hydrogen storage and carbon dioxide capture will be presented.
from metal and organic building blocks by solvothermal reactions or self-assembly. MOFs and PCPs are considered to be a class of the most promising materials for hydrogen storage and for gas separation such as carbon dioxide capture from the flue gas or natural gas. However, gas adsorption on the pore surface of MOFs and PCPs is physisorption, and the interaction energy between the adsorbents and gas is too weak. Therefore, even though large amount of gases can be stored in the materials at a low temperature, the storage capacity falls down to very low values at ambient temperature. To enhance hydrogen gas storage in MOFs and PCPs, we have modified their pore spaces by various methods such as generating accessible metal sites, fabricating metal nanoparticles (NPs), including proper organic guests, and incorporating specific metal ion binding sites in the ligand.
The generation of accessible metal sites is based on "Kubas" interactions of hydrogen molecules with the metal ions. The production of metal nanoparticles in PCPs, without using extra reducing agent and NP-stabilizing agents just at room temperature, is based on the redox chemistry between the redox-active components of the MOFs or PCPs and the metal ions. To capture CO 2 selectively from the industry flue gas that contains not only CO 2 but also other gases, we have developed smart 3-dimensional (3D) PCPs with very small pores, which are highly flexible. Since CO 2 molecule has much higher polarizability and quadrupole moment than other gases, it would interact much more strongly with the flexible PCPs with very small pores and open up the windows while other gases cannot. We have also created various strategies such as post-synthetic modification of pore space with highly flexible carboxyl pendants, impregnation of metal ions in the pores of a MOF, and inclusion of branched polyethylenimine units in the pores of porous organic polymer. These induce stronger interactions with the CO 2 molecules, and enhance the gas uptake capacities and the selectivity of CO 2 adsorption
In this review, properties and applications of metal-organic frameworks (MOFs) and porous coordination polymers (PCPs) are described. Many MOFs and PCPs are highly flexible and responsive to external stimuli. Sometimes they transform their structures to others by maintaining the single crystallinity. For decades, MOFs and PCPs have been regarded as a class of the promising materials for hydrogen storage and carbon dioxide capture applications since they adsorb large amounts of gases at low temperatures. However, their gas uptake capacities decrease dramatically at ambient temperature compared to those at low temperatures because they physic-sorb gases by weak interaction energies. Therefore, to enhance gas storage and separation abilities of MOFs and PCPs at ambient temperature, we have modified their pore spaces. In this review, some characteristic properties of MOFs and PCPs will be introduced, and various strategies for modifying the pore spaces of PCPs and MOFs for hydrogen storage and carbon dioxide capture will be presented.
from the mixture gas. This review is based on the award lecture, and presents the properties of MOFs and PCPs and various strategies for modifying their pore spaces for hydrogen storage and carbon dioxide capture applications.
■■ 2. Synthetic methods of MOFs and PCPs

Solvothermal reactions
Metal-organic frameworks (MOFs) and porous coordination polymers (PCPs) can be synthesized from metal and organic building blocks by the solvothermal reactions or self-assembly at room temperature. , the former exhibits superior gas storage and gas separation abilities than the latter. 
Self-assembly
We have also synthesized various coordination polymers from the self-assembly of square- tetrahedral geometry results in the diamondoid networks. 6, 7 In case of trigonal shaped ligand 1,3,5-benzenetricarboxylate (BTC 3-), honeycomb or brickwall networks are constructed depending on the solvent system. 8 In this particular case, addition of other solvents such as pyridine changes the coordination mode of the ligand to metal ion, and alters the network structure.
Fig. 4
Self-assembly of organic building blocks and squareplanar macrocyclic complexes: Topology of resulting network is determined by the ligand geometry. 
Responsive Properties of MOFs and PCPs
MOFs are often highly responsive to the external stimuli such as activation methods, temperatures, and external (Fig. 7) . The guest-free structure was also affected by the temperature change as verified by the variable temperature synchrotron X-ray single-crystal analyses (Fig. 8 ).
Despite the different fine structures, SNU-77R, SNU-77S, and SNU-77H show similar gas sorption properties due to the nonbreathing nature of the framework and an additional structural change upon cooling to cryogenic gas sorption temperature. Furthermore, the PCPs assembled from Ni(II) macrocyclic complexes and carboxylate ligands reacted with the solutions of metal ions such as Ag(I), 11, 16 Au(III), 11 and Pd(II) 7 to generate small (2~4 nm) and monodispersed Ag, Au, and
Pd nanoparticles, respectively, in the pores (Fig. 9 ). 17 These processes occurred in the absence of extra reducing or stabilizing agents, and also without heating or irradiation. In all cases, the structures of PCPs were retained even after the formation of NPs as evidenced by the PXRD patterns. 
Porosity of MOFs and PCPs
A numerous MOFs and PCPs, which have relatively small to very large surface area, have been reported (Fig. 10) 
Hydrogen storage in MOFs incorporating functional groups in the ligands
Incorporation of functional groups in the ligand requires elaborate synthetic works, but the effects on H 2 storage are rather minor. By synthesizing N,Nʼ-bis (3,5-dicarboxyphenyl) p y r o m e l l i t i c d i i m i d e ( H 4 B D C P P I ) a s a n o r g a n i c 14) . and thickness of av. 37 ± 12 nm (Fig.15) . Fig. 16 ). To capture CO 2 selectively from the flue gas by using porous solids, we designed highly fl exible 3D PCPs and MOFs whose channels or pores might open and close depending on the gas type, temperature, and pressure (Fig. 17) . We expected that CO 2 would interact with the host network much more strongly than other gases because of the higher quadrupole of CO 2 , and opens up the windows of fl exible PCPs, which are closed for other gases (Fig.17) . The activated PCPs having ethyl and butyl pillars,
C o n t r a r y t o h y d r o g e n p h y s i s o r p t i o n , h y d r o g e n chemisorption increases as the amount of Mg
SNU-M10
and SNU-M11, respectively, hardly adsorb N 2 , H 2 , and CH 4 gases even at low temperatures, but they adsorb CO 2 selectively (Fig. 19) . The materials have thermal stability up to 300 o C, and air-and water-stability. The CO 2 adsorption isotherms show gate opening and closing phenomena. The gate opening pressure increases as the temperature increases.
The gate opening pressure of SNU-M11 at 298 K is ca. 20 bar, which is much higher than the CO 2 partial pressure of flue gas, and thus the material cannot be applied in post combustion CO 2 capture.
Contrary to SNU-M11, SNU-M10 uptakes high amount of CO 2 at 298 K (9.2 wt%, 47.2 cm 3 g -1 , 2.1 mmolg -1 at STP at 1 atm), and shows high CO 2 /N 2 selectivity (98:1) at 298 K.
Although SNU-M10 is a highly efficient CO 2 capture material, some problems should be still solved before the practical applications, such as lowering the cost of the material and developing the mass production method.
(b) (a) (Fig. 20a) . 38 The paddle-wheel type {Cu 2 (O 2 CR) 4 (Fig. 20b) . 39 to open up its windows at room temperature. Although N 2 gas adsorption data indicated that the surface area and the pore volume of all UiO-66-ADns were decreased compared to those of UiO-66 and the CO 2 adsorption capacities of UiO-66-ADn (n = 4, 8) were similar to that of UiO-66, the CO 2 uptake of UiO-66-AD6 was most highly increased among the samples, by 34% at 298 K and by 58% at 323 K, compared to those of UiO-66 (Fig. 22) . The IAST (ideal adsorption selectivity theory) selectivity of CO 2 adsorption over CH 4 was enhanced for all UiO-66-ADns compared to that of UiO-66 at 298 K (Fig. 23) . In particular, UiO-66-AD6 with adipic acid pendants showed the most highly increased selectivity of CO 2 over CH 4 at ambient temperature, suggesting that it is a promising material for CO 2 separation of landfill gas. . 40 The metal ions still coordinating water molecules even after the activation significantly enhanced uptake capacity, selectivity, and the isosteric heat of the CO 2 adsorption while it affects rather slightly the H 2 and CH 4 adsorption (Fig. 24) . This is attributed to the electrostatic interactions between the extra-framework metal ions and CO 2 .
The CO 2 adsorption capacity at 298 K and 1 atm reached to 16.8 wt% in of SNU-100'-Co, and the adsorption selectivity of CO 2 over N 2 at room temperature and the isosteric heats and large pore size of 2.11 nm, and blocked its pores with a fl exible polyethylenimine (Fig. 25 ). 41 We believed that when flexible polymer PEI units blocked the windows of PAF-5, the material would hardly adsorb N 2 gas while adsorbing CO 2 since it would allow CO 2 to open up the closed windows because of the high polarizability and quadrupole moment of CO 2 . In addition, numerous amine functional groups in PEI would strongly interact with CO 2 , which increase the capacity and the selectivity of CO 2 adsorption. large pore surface areas and relatively low density, and thus they are the good candidates for the materials that can be applied in gas storage and gas separation, in particular, hydrogen storage and carbon dioxide capture. However, the gas sorption in these materials is physisorption, and it has very weak interaction energy with the gas. Therefore, their gas sorption capacities fall down to very low values as the temperature is elevated to that of practical applications.
Therefore, to enhance gas storage capacity at ambient temperature, we have created various pore modification strategies. To enhance hydrogen storage in MOFs, we have generated accessible metal sites, fabricated metal nanoparticles or included proper guest molecules in the pores of MOFs, and synthesized MOFs incorporating specific metal binding sites.
To selectively capture carbon dioxide from the flue gas or natural gas, which contains not only CO 2 but also other gases, 
